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ABSTRACT 

We investigate the infrared (IR) properties of cool, evolved stars in the Small Magellanic Cloud 
(SMC), including the red giant branch (RGB) stars and the dust-producing red supergiant (RSG) 
and asymptotic giant branch (AGB) stars using observations from the Spitzer Space Telescope Legacy 
program entitled: "Surveying the Agents of Galaxy Evolution in the Tidally-stripped, Low Metallicity 
SMC", or SAGE-SMC. The survey includes, for the first time, full spatial coverage of the SMC bar, 
wing, and tail regions at infrared (IR) wavelengths (3.6 - 160 /im). We identify evolved stars using 
a combination of near-IR and mid-IR photometry and point out a new feature in the mid-IR color- 
magnitude diagram that may be due to particularly dusty O-rich AGB stars. We find that the RSG 
and AGB stars each contribute « 20% of the global SMC flux (extended + point-source) at 3.6 /im, 
which emphasizes the importance of both stellar types to the integrated flux of distant metal-poor 
galaxies. The equivalent SAGE survey of the higher-metallicity Large Magellanic Cloud (SAGE-LMC) 
allows us to explore the influence of metallicity on dust production. We find that the SMC RSG stars 
are less likely to produce a large amount of dust (as indicated by the [3.6] — [8] color). There is a 
higher fraction of carbon-rich stars in the SMC, and these stars appear to able to reach colors as red as 
their LMC counterparts, indicating that C-rich dust forms efficiently in both galaxies. A preliminary 
estimate of the dust production in AGB and RSG stars reveals that the extreme C-rich AGB stars 
dominate the dust input in both galaxies, and that the O-rich stars may play a larger role in the LMC 
than in the SMC. 

Subject headings: circumstellar matter - Magellanic Clouds - stars: AGB and post-AGB - stars: 
carbon - stars: mass-loss - supergiants 



1. INTRODUCTION 



The recent Spitzer Space Telescope (jWerner et al.1 
120041 iGehrz et al.ll2007j ) Legacy program entitled "Sur- 
veying the Agents of Galaxy Evolution in the Tidally- 
stripped, Lo w Metallicity Smal l Magellanic Cloud" 
(SAGE-SMC; IGordon et all \20Vih has provided a spa- 
tially and photometrically complete infrared (IR) sur- 
vey of the evolved star population in the SMC. The 
resulting database allows us to study thermal emission 

1 STScI, 3700 San Martin Drive, Baltimore, MD 21218 USA; 
mboyer@stsci.edu 

2 Institut d'Astrophysiqe de Paris, CNRS UPR 341, 98bis, 
Boulevard Arago, Paris, F- 75014 

3 Astrophysics Group, Lennard-Jones Laboratories, Keele Uni- 
versity, Staffordshire ST5 5BG, UK 

4 Jodrell Bank Centre for Astrophysics, Alan Turing Building, 
University of Manchester, M13 9PL, UK 

5 Steward Observatory, University of Arizona, 933 North Cherry 
Avenue, Tucson, AZ 85721 USA 

6 Academia Sinica Institute of Astronomy and Astrophysics, PO 
Box 23-141, Taipei 10617, Taiwan 

7 Department of Astronomy, University of Wisconsin, Madison, 
475 North Charter Street, Madison, WI 53706-1582 USA 

8 Harvard-Smithsonian Center for Astrophysics, 60 Garden 
Street, MS 65, Cambridge, MA 02138-1516 USA 

9 Department of Astronomy, University of Virginia, P.O. Box 
3818, Charlottesville, VA 22903-0818 USA 

10 Department of Physics and Astronomy, The Johns Hopkins 
University, Homewood Campus, Baltimore, MD 21218 USA 

11 Space Science Institute, 4750 Walnut Street, Suite 205, Boul- 
der, CO 80301 USA 



from circumstellar dust created around stars in the late 
stages of evolution and places constraints on the total 
dust budget of the SMC. In this work, we present an 
overview of the cool, evolved stars in the SMC, specifi- 
cally Red Giant Branch (RGB) stars, Asymptotic Giant 
Branch (AGB) stars, and Red Supergiants (RSGs). We 
compare our findings to those of the SAG E survey of 
the Large Magellanic Cloud (SAGE-LMC ; iBlum et al.l 
20061: iMeixner et all [2001 iBonanos et all 120091 120101: 



Srinivasan et a l. 2009; van Loon et al .I l2010air 



The RGB is among the most prominent features of 
the near-IR color-magnitude diagram (CMD). All stars 
with mass 0.5 < M < 8 M spend time on the RGB 
after ex hausting core hydrogen and before igniting core 
helium (|Beckerlll981l ). Cool effective temperatures (3000 
- 5000 K) cause their bolometric luminosities to peak 
near 1 /im, requiring mid-IR photometry to constrain 
their basic stellar parameters. Little to no dust (< 
10~ 3 M©) is expected to form around RGB stars, and 
mass- loss rates are typically lower than 10~ 8 yr -1 
(e.g.. [Boyer et al.ll2009al l2010bt iMcDonald et . al.l I2009L 



I2011ahbl : iMomanv et alJl2011t IMcDonald et al.ll2011d ) 

Following the RGB phase and the subsequent core 
He-burning phase, the low- to intermediate-mass stars 
(0.8 < M < 8 M Q ) will begin to ascend the 
AGB. Both RGB and AGB stars initially gener- 
ate stellar winds via ac oustic and/or electromagnetic 
chromospheric processes (jHartmann S z MacGrcgorl ll980l : 
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Fig. 1.— Map of the SAGE-SMC catalog coverage. Left: IRAC (and 2MASS) coverage is shown in blue, MIPS 24 £tm in red, S 3 MC 
in orange, MCPS in black, and IRSF in green. The brightest 3.6-^tm point-s ource s are plotted in blue for reference. The region used to 
estimate the background and foreground point-source contamination (Section 13.21 1 is shown as a dashed black line. Right: The brightest 
24-fim point-sources are plotted in red. The approximate boundaries between the tail, wing, and bar regions are shown. Note that 2MASS 
photometry is shallower in the tail region than in the wing/bar. 



lHartmann fc Avrettl I1984D . In more evolved AGB 
stars, the primary drivers of mass loss are pulsation 
and dust-driving. Pulsations can levitate material 
from the stellar surface and provide density enhance- 
ments and shocks, which can encourage dust forma- 
tion and re-processing (e.g., lBowen|[l988t iWinters et al.l 



2000. l200aiSchirrmacher et al.ll2003l: |Woitkd l20Q6l 1200 



Mattsson et alll2008t Ivan Loon et al.ll2008bH The dust 
composition depends on the atmospheric chemistry 
(abundance of carbon relative to oxygen), which is al- 
tered by dredging up newly forme d carbon to the surfac e 
of the star (the third dredge-up; llben fc Renzinil 11983). 
Radiation pressure on dust grains and grain-gas momen- 
tum coupling accelerates the ste l lar wind from the star 
(e.g., ISedlmavr fc Dominikl \l99& lElitzur fc Ivezicl [20CiTl 
and references therein). This mass loss continues until 
the stellar envelope has been ejected. 

Individually, AGB stars produce comparatively small 
amounts of circumstellar dust (<10~ 9 Mq yr _1 ; e.g., 
Ivan Loonll2000t iGroenewegen et al.ll2009f ). Nevertheless, 
they exist in large numbers, collectively placing them 
among the mo st important known dust factories in the 
Universe (e.g.. IGehrzlll989D . 

AGB star luminosities peak in the near-IR, and cir- 
cumstellar dust emits in the mid- to far-IR, making 
IR photometry and spectra essential for characterizing 
AGB stellar and dust properties. IR studies of low mass 
(M < 1 M ), low metallicity (0.005 Zp, < Z < 0.15 Zp 
AGB stars in globular clusters (e.g.. iBover et all 1200 



20081 12009al 120 lOrilLebzelter et al.ll2006tlvan Loon et all 
2006b rp008al: llta et all l2007t iMcDonald et al.l 120091 
2011alfbl ldi) indicate that AGB stars produce dust even 
at extremely low metallicities. Similar st udies of AGB 
stars i n Local Group dwarf galaxies (e.g.. Uackson et all 
2007bllal: iGroenewegen et al.ll2007t iMatsuura et al.ll2007l : 
Bover et al.ll2009bl:lsioan et al.ll2009h reveal diverse AGB 
populations depending on star formation history and 
show significant dust production at very low metallici- 
ties. 

Super-AGB stars are the most massive AGB stars 
(5 10 Mq). These stars undergo efficient 
hot bottom burning (HBB; iSmith fc Lambert! 119851 : 



iBoothrovd fc S ackmann 1991) and are expected to suf- 
fer from weak thermal pulses, reach lower temperatures, 
and achi eve higher mass-loss rates than their lower-mass 
cousins (jSiessI 12010). There is evidence that these stars 
may be the progen itors of dust-enshrouded supernovae 
(jJavadi et alll2011f ). 

Stars with masses 8 Mq - 25 Mq become RSGs (or red 
helium-burning stars), which generally have warmer ef- 
fective temperatures than AGB stars. RSG stars do not 
undergo a third dredge-up, so they are exclusively O-rich. 
Like AGB stars, RSGs show strong mass loss, enriching 
the surrou nding Interstellar Me dium (ISM) with silica- 
tious (e.g.. lVerhoelst et al.l|2009D and so metimes also car- 
bonaceous jSylwster|eFaI][l99J, [HH) material, though 
it is unclear whether the carbonaceous material is in- 
stead of interstellar origin. The dust-production rates 
of RSGs are similar to those of AGB stars, bu t RSGs 
are less numerous. iBonanos et all (|200l [2010h exam- 
ined the SAGE data of optically-selected RSGs in the 
Magellanic Clouds. Here, we take the opposite ap- 
proach and select RSGs by their IR c olors, accounting 
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for very dust-enshrouded examples (cf..lElias et al 



1985 



1998 



Ivan Loon et a l. 2005a;ja). 

Globular cluster studies are limited by their single, 
low-mass (0.8 — 0.9 Mq) stellar populations, and in most 
dwarf galaxies, evolved stars are easily confused with un- 
resolved background galaxies due to the limited resolu- 
tion of mid-IR imaging (>1.7"). The Magellanic Clouds 
suffer neither of these limitations by containing multiple 
populations and being close enough that evolved stars 
generally outshine unresolved galaxies. Studies of the 
Magellanic Clouds provide valuable insight into the en- 
vironments of more distant star-forming galaxies. 

Several near-IR and mid-IR surveys of the SMC have 
been conducted in re cent years, incl uding an AKARI 
survey (3.2 - 24 /an; llta et all 120101) of small selected 
regions within the SMC bar and t he Spitzer Survey o f 
the Small Magellanic Cloud (S 3 MC: lBolatto et al.lf2007h . 
which imaged the SMC bar at 3.6 - 160 ftm. The SAGE- 
SMC survey is unique in its full spatial coverage of not 
only the SMC bar, but the wing and tail regions as well 




TABLE 1 

SMC and LMC Parameters Adopted in this Work 



Parameter 


SMC 


Ref. 


LMC 


Ref. 


Distance, d (kpc) .... 


61±1 


1,5 


51±1 


1,5 


Metallicity a , Z (Zg) 


0.2±0.06 


6,7 


0.5±0.17 


6,7 


A v (mag) 


0.12 


4,8 b 


0.46 


2.3 


E B -v (mag) 


0.04 


4,8 


0.15 


9 


3.6-/im TRGB (mag) 


12.6 


10 


11.9 


10 



R eferences (1) iCioni et al.l (120001) : 

(2) ICioni et all (I2006al) (3) IGlassl (119991): (4\ 
IHarris fc Zaritskvl (120041): (5) IKeller fc Wood 



(2006) 
(|2010 ) 
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Fig. 2. — Color-magnitude diagrams (CMDs) for the SMC and the LMC, ranging from J to 24 (im. The y-axis is the absolute 3.6 fira 
magnitude (M3.6) for all panels. The CMDs are represented as Hess diagrams, with 150 bins on each axis, corresponding to 0.05 mag M3 6 
bins and 0.03 mag color bins. 

of the SMC environment. Finally, we summarize our 
findings in Section [6l Throughout this work, we adopt 
the parameters listed in Table [H The extinct ion in the 
Spitzer bands is from IIndebetouw~et al. (200J5|). 

2. SAGE-SMC DATA 

The photometry presented here is from the SAGE- 
SMC archive catalog, available from the Spitzer Sci- 
ence Center. Photometric uncertainties are typically 
<0.1 mag for all wavelengths, but increase to <0.2 mag 
for the faintest «2 magnitudes. Mid-IR sources were 
matched t o 24 p,m sour c es wi th correlation thresholds 
>2<j. See IGordon et al.l (|2011l ) for a description of the 
observations, data reduction, and point-source extrac- 
tion. Two epochs of SAGE-SMC data were obtained, 
separated by three months. The photometry presented 
here was extracted from a co-addition of both epochs, 
limiting spurious detections from transients and artifacts. 
A third epoch of observations from S 3 MC is also in- 
cluded in the co-addition where the coverage overlaps 
(Fig. [IJ. Variable AGB stars show 3.6 /im (or L', at 
3.78 /zm) absolute magnitude amplitudes t ypically in 
the r ange of 0.1 < « < 2 mag (e. g., iLe Bertra 

H992HMcQuinn et alJl2007tlVijh et aT1l2009f ). Having two 
epochs of data helps to minimize variability effects, and 
any remaining systematic effects are minimal since we 
are looking at a large population of AGB stars. 

The SAGE-SMC catalog includes optical UBVI pho- 
tometry from the Magellanic C louds Photometric Survey 
(MCPS: IZaritskv et al.ll2002f ). JHK S p hotometry from 
the 2 -Micron All Sky Survey (2MASS; iSkrutskie et~aT1 
20061) and the I nfraRed Survey Facility survey (IRSF; 



(6 lLuck et a!Tll998l): ( 7) iMeixner et al 
(8) ISchlegel et al.l (119981) : (9) IWesterlund 
(10) This work. 
a The metallicities are likely lower for low-mass 
(wl M a) stars. 

b The Schlc gel et al.l (|1998l ) extinction map cites 
the total dust column, so yields an overestimate 
of the reddening affecting stars that lie somewhere 
along that column. Because the extinction towards 
the SMC is low, we do not expect this to have a 
significant impact on the results. 

(Section [5]), allowing us to examine the SMC structure 
using the distribution of the cool evolved stars. The 
SMC is known to h ave an extended halo of old stars 
(|Nidever et al.l 120111) . Stars in the tail may have been 
stripped from the SMC bar, but the stars beyond the 
tail and into the Magellanic bridge like ly formed in situ, 
from a tidally-stripped filament of gas ([Harris 20Q3). 

This paper is organized as follows. In Sections [5] and 
[31 we describe the data and evolved star photometric 
classification. In Sectional we present the observational 
properties of RGB, RSG, and AGB stars in the LMC and 
SMC, and in Section[5l we use the evolved stars as probes 



Kato et al.H2007D . mid-IR photometry (3.6, 4.5, 5.8, and 



8 jj,m) from Spit zer's InfraRed Array Camera (IRAC; 
iFazio et al]|2004D . and far-IR photometry (24, 70, and 
160 /im, epoch 1) from the Multiband Imaging Photome- 
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ter for Spitzer (MIPS; lRieke et al.|[200l . Figure [Q shows 
the spatial coverage of each survey. 

2.1. Color-magnitude Diagrams 

Near-IR to mid-IR stellar density CMDs for the SMC 
and the LMC, also known as Hess diagrams, are shown 
in Figure [5J We see the effects of stellar temperature 
in the near-IR, with several distinct features apparent in 
the CMDs. These include branches that trace the fore- 
ground stars, RSGs, hot OB stars, background galaxies, 
and AGB stars. These features are labeled in a J — [8] 
color vs. 8 fxm absolute magnitude (-Ms) CMD in Fig- 
ure 21 which is discussed more in Section 13.11 Moving 
into the mid-IR, the stellar temperature no longer affects 
the CMD since we are sampling only the Rayleigh- Jeans 
tail of the Planck function. Instead, molecular and dust 
spectra l fea tures cause distinct photometric features (see 
Section l3~Tj). 

The morphologies of SMC and LMC CMDs look re- 
markably similar. The metallicity difference between 
the galaxies (Zlmc/^smc = 2 — 3) causes only a small 
difference in the IR colors, with the higher metallicity 
LMC appearing slightly redder (A(J — [8]) « 0.1 mag, 
A(J - K s ) « 0.08 mag). The distances to the MCs 
adopted here (Table [1} are uncertain, so differences in 
the absolute 3.6-/zm magnitudes (y-axis in Figure [2] the 
SMC stars appear slightly fainter) may not be intrinsic. 
A downwards 5 kpc shift in the relative distance of the 
MCs eliminates the magnitude differences, but this is well 
beyo nd the uncertainty of r ecent distance measurements 
(e.g., iSzewczvk et al.l 12009). Uncertainties in the dis- 
tance due to depth along the line-of-sight in both galaxies 
is small (a few hundredt hs of a magnitude), and may be 
large st in the SMC wing (Sub ramanian fe Subramaniaml 
2009). The extinction towards both the Magellanic 
Clouds is low (A 3 . 6 < 0.03 mag), so this cannot explain 
the difference 3.6 /xm magnitude. 

2.2. Foreground and Background Contamination 

Because we have imaged such a large area around the 
SMC, we can use the data on the outskirts of the cov- 
erage to estimate the approximate level of foreground 
and background contamination. Figure [3] shows the 
CMD of the full SMC coverage compared to the CMD 
of a 1.6 deg 2 region on the eastern edge of the SMC 
tail/bridge (Fig. [T]). The most prominent feature in the 
full CMD (where the source density is highest) is the 
RGB. Since no RGB is visible in the back-/fore-ground 
CMD and since all other CMD features are vertical, we 
are confident that the region we have chosen does indeed 
contain very few SMC-member sources. 

Subtracting the back-/fore-ground CMD from the full 
SMC CMD (Fig. [3j right) reveals well-defined branches 
of RSG and hot OB-stars in additi on to the RGB (see 
Fig. HI). A set of Padova isochrones ()Marigo et alj|2008ft 
are shown for referen ce. A population of A-G super- 
giants also appears (cf . iBonanos et aT1[200l [2010h , along 
with a population of faint sources (M3.6 > —5 mag) red- 
der than J — [3.6] 1. The latter sources may be dom- 
inated by young stellar objects (YSOs; M.Sewilo et al. 
2011, in preparation). 

While it is difficult to eliminate individual foreground 
and background sources with photometry alone, we can 
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Fig. 3. — Back- /Foreground-subtracted CMDs. The back- 
ground/foreground CMD was created from a 1.6 deg 2 field in 
the bridge/tail region, centered at R.A. = 2 h 13 m 00?0, Decl. = 
-74°19'30" (Fig. [LJ. The residual CMD is dominated mainly by 
RGB, RSG, and AGB stars, though features from OB stars and 
YSOs also stand out. The AGB stars are not strongly affected by 
foreground/background sources. Padova isochrones with log(t) = 

7.4 - 9.4 and 60% Silicate + 40% AlOx dust for M stars and 85% 
AMC + 15% SiC d ust for C stars are a lso shown in the upper right 
panel for reference jMarigo et al. 2003). 

estimate the level of contamination statistically. In the 
box used to represent the back-/fore-ground contamina- 
tion described above, there is a point-source density of 

1.5 x 10 4 sources deg -2 . However, this is an overestimate 
of the contamination in our evolved star samples since 
many of these contaminating sources are bluer and/or 
fainter than typical cool evolved stars and are not in- 
cluded in our selection criteria (Section [3]). When we ap- 
ply our selection criteria to the back- / fore-ground region, 
we find that our RGB sample suffers the worst contam- 
ination, with 708 sources deg -2 , followed by the RSG 
sample with 37 sources deg -2 and oxygen-rich AGB (O- 
AGB) sources with 1.9 sources deg -2 . None of the other 
types of AGB stars are detected in this region, so con- 
tamination of those samples is very low. After consid- 
ering the size of th e IRAC spatial coverage («30 deg 2 ; 
IGordon et al.|[20Tl[) , we expect contamination to account 
for 35%, 18%, and 2.5% of the RSG, RGB, and O-AGB 
samples, respectively. 

Aside from the spatially uniform contamination from 
foreground and background sources, stars belonging to 
the foreground globular clusters 47 Tuc and NGC 362 
(Fig.[TJ have similar near-IR colors to SMC evolved stars. 
To minimize this contamination, we exclude all stars 
within 8' and 5' of the centers of 47 Tuc and NGC 362, 
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012345012345 
J-[8] J-[8] 

Fig. 4. — J — [8] vs. Mg CMDs. Contours represent the source 
density in color— magnitude space. Each of these branches is also 
visible in the J — [3.6] vs. M3.6 CMD, except the a O-AGB branch. 
A-G s uperg iants and OB-stars are identified in IBonanos et alj 
(2009, 2010). See the text for identification of RSG, RGB, and 
AGB stars. 

respectively. This corresponds to the elimination of 120 
stars from the RGB sample and 108 stars from the RSG 
sample. Only 5 stars are eliminated from the AGB sam- 
ple: 4 O-rich, and one C-rich. 

3. STELLAR CLASSIFICATION 
3.1. Color-magnitude selection of cool evolved stars 

Figure |4] labels each branch in the J — [8] vs. Mg 
CMD. AGB stars occupy the reddest and brightest 
branches, separating into O-AGB, carbon-rich stars (C- 
AGB), heavily-extinguished "extreme" stars (x-AGB), 
and a new feature that we are callin g the anomalous O- 
rich branch (aO-AGB; Section [3.1.5p . RGB stars are the 
most populous source type, occupying the branch just 
below the AGB stars, at M§ > —6.5 mag. RSG stars are 
just to the blue edge of the O-AGB stars, though 10-/im 
silicate emission captured toward the red cutoff of the 
8-fj.m IRAC band results in redder J — [8] colors, causing 
overlap between the two branches in this diagram. 

The J — [8] vs Mg, CMD is a good diagnostic for classi- 
fying the different cool evolved stars. However, the clas- 
sification accuracy is limited in stars that have strong 10- 
fim silicate features, which affect the 8-/im flux. Instead, 
we use the J - K s vs. K s CMD to separate RGB, RSG, 
C-AGB, and O-AGB stars and turn to the mid-IR colors 
to select x-AGB stars (which are often undetected in the 
near-IR) and aO-AGB stars (which are only discernible 
by their J — [8] colors). The classification schemes are 
outlined below, and the results are listed in Table [5J 

3.1.1. C-AGB and O-AGB stars 

C-AGB and O-AGB stars are selected using color- 
magnitude cuts in the J — K s vs. K s CMD. Any very 
dusty RSG stars will be very red in J — K s due to dust 
extinction, so these sources may be included in our O- 
AGB and C-AGB samples. There is no way to distin- 
guish very dusty RSG stars from dusty AGB stars with 
IR photometry alone, but we expect them to be uncom- 
mon compared to their less-dusty counterparts. 

Figur e M shows the J — K s color cuts from lCioni et al.1 
(2006a j), adjust e d for metallicity and distance, follow- 
ing iCioni et al.1 ((2006b) and using Z^mc = 0.2 Z Q and 
dsMC = 61 kpc. We shift the K0 line slightly fainter 
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Fig. 5. — Top: J — Kg CMD showing the separatio n of carbon- 
rich an d oxygen-rich AGB stars in the SMC, following Ci oni et al.l 
H2006allH) . The J — K s color is also used to select RSG and RGB 
stars. See text. Bottom: Same as upper panel, with the selection of 
C-AGB (pink), O-AGB (blue), RSG (red), and RGB (white) stars 
shown in contours. The x-ACB stars are also plotted in green. 

to account for the difference in the -Kg-band tip of the 
red giant branch (TRGB) between the SMC and LMC 
and to assure that we include the full C-AGB sample. 
C-AGB stars fall redward of the K2 boundary, O-AGB 
stars fall between the Kl and K2 lines, and all AGB stars 
are brighter than the K0 line (except x-AGB stars, see 
Section |3~T2)) . 

To eliminate contamination from RGB stars in our 
AGB sample, we exclude stars that are fainter than both 
the TRGB in K s and 3.6 fim (Fig. inset). By check- 
ing the TRGB at two wavelengths, we are sure not to 
exclude the more heavily-extinguished stars that might 
be f ainter than the K s TRGB. if s -band TRGBs are 
from lCioni et alj (|2000D . and the 3.6 -jim TRGBs are es- 
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TABLE 2 

Spitzer SAGE SMC and LMC Source Statistics 



SMC LMC 
Population N N 2 4 a N N 2 4 

Point-sources in both J and [3.6] 458 558 9 793 2 301842 39 740 

Point-sources with [3.6] < TRGB [3 . 6] b 19 290 3 878 45 780 18 337 

C-AGB stars c 1729 (54) 964 (4) 6 212 (156) 5 246 (32) 

Faint O-AGB stars (Mg > —8.3 mag) c 2 251 (1190) 76 (113) 9 441 (6 223) 1288 (2 880) 

Bright O-AGB stars (M 8 < -8.3 mag) 227 173 1422 1300 

Extreme AGB stars 349 323 1 105 1 018 

aO-AGB stars 1244 117 6 379 2 912 

RSG stars 3 325 538 4 604 1 560 

RGB stars 135 437 41 407342 580 

FIR objects in AGB and RSG samples 57 57 224 224 

FIR objects in RGB sample 303 303 1 262 1 262 

Note. — See Section 13.11 for a description of the stellar classifications. FIR 
objects were originally classified as either AGB, RSG, or RGB stars, but have been 
split into their own category. 

a N24 is the number of sources with 24-/zm counterparts. 

b The 3.6-/xm TRGB is «12.6 mag and wll.9 mag in the SMC and LMC, 
respectively. 

c The number in parentheses is the number of stars in the original C-AGB or 
O-AGB sample, based on the classification using J — K s color, that are re-classificd 
as aO-AGB stars fSection l3.1.5[) . 

timatcd here to be [3.6]trgb ~ 11-9 mag (Af™ GB = Due to circumstellar dust extinction, many x-AGB 

-6.6 mag) for the LMC and 12.6 mag (Mj'f GB = stars fall below the K0 line and the if s -TRGB (Fig. [5]). 

-6.3 mag) for the SMC, similar to other Local Grou p We thus turn t o the mid-IR photo metr y to recover these 

dwarf galaxies (iCioni et alj|2000t I Jackson et aHl2007allb1 ; source s. As in I Blum et al.l (|2006| ) and iSrinivasan et al.1 

iMatsuura et al.1 120071: iBover et al.ll2009bD . We neglect (|2009f ). we identify x-AGB stars as those brighter than 

the population of non-dusty AGB stars that fall below the 3.6-/zm TRGB and with J - [3.6] > 3.1 mag. Some 

the TRGB, as most of these have not yet undergone a of the most heavily dust-enshrouded x-AGB stars are to- 

third dredge-up and behave quite differently from their tally undetected in the near-IR. Therefore, if there is no 

more-evolved counterparts. near-IR detection, but [3.6] - [8] > 0.8 and the star is 

We note that the O-AGB stars can also be divided into brighter than the 3.6-^m TRGB, then it is also included 

a bright and faint population, which occupy very differ- in the initial list of x-AGB stars. 

ent region s of the [8] - [24] ys. M 3 . fi CMD (See Fig. [9]). To minimize contamination from YSOs and unresolved 

Following ISrinivasan et all ()2009f ). the bright and faint background galaxies, we also apply the following restric- 

O-rich AGB stars are divided by M 8 = -8.3 mag, and tions: x-AGB stars must be brighter than an empirical 

we often treat them separately throughout this paper. A boundary in the J - [8] vs [8] CMD and the [3.6] - [8] 

subset of the bright O-AGB stars show strong 8- and 24- vs. [8] CMD, defined as: 
fim excess (Section 14. 1|) ; it is among these sources that 

we might find the more massive super-AGB stars (Sec- [8] = 12 — (0.43 x J — [8]), (1) 

The lower panel of Figure [5] shows the selected AGB ® (l-^3 x [3.6] [8]). (2) 
stars overlain on the J —K s CMD. Detection statistics are Equation ([2]) terminates at [3.6] — [8] = 3 mag, and ex- 
summarized in Section 1331 and Tabled We also remind tends horizontally out to redder colors (Fig. [6]). The final 
the reader here that while the SMC C-AGB population number of x-AGB stars in both the LMC and SMC is re- 
includes virtually no foreground and background sources, ported in Table 

such contamination acco unts for 2.5% of the SMC O- There is a small population of very red x-AGB stars 

AGB population (Section f2.2j> . with [3.6] — [8] > 3.5 mag. We list these sources in Ta- 
ble |3l The reddest source ([3.6] — [8] = 4.4 3 mag) is not an 

3.1.2. x-AGB stars x-AGB ; it is the YSO S3MC 01051-7159 (jvan Loon et al.l 

The x-AGB stars are those that are most likely to be |2010b|). The others are not identified in the literature, 
experiencing a "superwind" , where the mass- loss rate can 

increase by a factor of 10, and a thick d ust envelope ob- 31 ' 3 " RbG stars 

scures the star at optical wavelengths (of. Ivan Loon et all Stars within the branch just blueward of the Kl line 

20061) ■ The mass-loss rate eventually exceeds the nu- in Figure [5] are classified here as RSG stars. We restrict 

clear consumption rate, and so determines the subse- the branch width to A(J — K s ) = 0.2 mag and leave 

quent evolution of the star. The physical mechanism that a 0.5 mag gap between the O-AGB stars and the RSG 

causes a star to enter the superwind phase is not well un- stars to minimize contamination between the two stellar 

derstood, though x-AGB stars are known t o have longer types. We also restrict our selection of RSGs to those 

pulsa tion periods than other AGB stars (|Riebel et al.1 brighter than the JsT s -band TRGB, which has the effect 

120101) . of excluding the low-mass RSGs. This restriction helps 
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Fig. 6. — Contamination from YSOs and unresolved background 
galaxies is minimized by requiring that x-AGB stars be brighter 
than the lines shown in the two above CMDs (determined empiri- 
cally). Stars above these lines that are n ot x-AGB stars have been 
classified as FIR sources (Section I3.1.6I . Note that some x-AGB 
stars have colors bluer than [3.6] — [8] = 0.8; these stars are con- 
sidered x-AGB stars because their J — K s colors are redder than 
3.1 mag. 



TABLE 3 

x-AGB stars with [3.6] - [8] > 3.5 mag 



R.A. (J2000) 


Decl. (J2000) 


[3.6] - [8] 


00 h 48 m 08.49 s 


-73°14'54.7" 


4.20 


01 h 00 m 41.61 s 


-72°38'00.7" 


4.06 


01 h 04 m 53.13 s 


-72°04'03.9" 


3.51 


01 h 05 m 03.13 s 


-71°59'29.7" 


3.96 


01 h 05 m 03.97 s 


-71°59'25.4" 


4.11 


01 h 05 m 07.26 s 


-71°59'42.8" 


4.43 a 


01 h 08 m 17.51 s 


-72°53'09.2" 


3.75 


01 h 24 m 07.95 s 


-73°09'04.0" 


4.04 


02 h 35 m 18.63 s 


-74°29'54.0" 


3.95 



a This snurrP is t.bfi YSO S3MG 01051-7159 

(|van Loon et al.ll2010bl and references therein). 



to minimize contamination from foreground sources and 
RGB stars (see Section |2~2")) . However, we estimate that 
«35% of the final SMC RSG selection is still due to fore- 
ground and background sources fSection l2.2p . 

3.1.4. RGB stars 
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Fig. 7. — J - [8] histogram showing the O-AGB, C-AGB, and 
aO-AGB stars. The aO-AGB sources can be seen as a bump in the 
tail of the O-AGB population. 

The RGB stars are the most difficult to select, as they 
are affected by contamination from foreground sources, 
and unresolved background galaxies ( Section |2.2|) . and 
also from YSOs. We are also limited by sensitivity, so 
the RGB sample included in this work is not complete. 
We define RGB stars as those within the box outlined 
by a white, dashed line in Figure [5j which spans from 
(TRGB + 0.1 mag) < K s < (TRGB + 3 mag). The 
0.1 mag buffer reduces contamination from early- AGB 
stars. 

From this sample of RGB stars, we exclude sources 
redder than a line in the J — [8] vs [8] CMD, defined as: 

[8] = A- (11.76 x J- [8]), (3) 

where A = 30.29, to eliminate background sources. In 
Section 12.21 we noted that 18% of the SMC population 
is likely contamination from foreground and background 
sources. 

3.1.5. aO-AGB stars: a new feature in the IR CMD 

An unidentified feature is apparent in the J — [8] CMD 
(Section 13.11 Fig. 0]). The feature is stronger in the 
LMC, but is also present in the SMC, and it suggests the 
existence of a population of stars that is distinct from 
the O-AGB and C-AGB stars. Figure [7] shows the new 
population of stars as a bump in the SMC+LMC AGB 
J — [8] histogram between O-AGB and C-AGB stars. 
We note that ~96% of this new group of stars (or 98% in 
the LMC) a re classified as O-ric h using the classification 
scheme from lCioni et all (|2006a|) . and we thus label them 
anomalous O-rich AGB stars (aO-AGB) here. 

To select stars belonging to the new CMD feature, 
we have examined the LMC and SMC J - [8] vs. M 8 
Hess diagrams (Fig. @| in color and magnitude space to 
choose the boundaries between the C-AGB branch, the 
O-AGB branch and the unidentified CMD feature. These 
boundaries correspond to the regions of minimum stel- 
lar density or prominent density changes between CMD 
features. We thus select aO-AGB stars from the origi- 
nal O-AGB sample if they are redder than the line de- 
fined by equation [3l with A = 27.95, and fainter than 
Mg = —8.3 mag. Stars from the original C-AGB sample 
that are bluer than the line defined by equation [31 with 
A = 31.47, are also classified as aO-AGB stars. 

The aO-AGB stars may simply be a subset of O-rich 
AGB stars that have formed (or are just beginning to 
form) a significant amount of dust. Low-mass AGB stars 
or AGB stars that have not yet evolved much along the 
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Fig. 8.— J - [8] vs. J - K s CCD of LMC AGB stars. The top 
panel shows a contour plot of the LMC AGB stars with the aO- 
AGB stars plotted as dots, using 2MASS+IRAC photometry. The 
middle panel shows known Galactic S-type stars, whi ch are plotted 
with 2MASS+MSX J- [8.8] colors IIYang et al.ll2006T) . The bottom 
panel shows known int rinsic and extrinsic S -type stars, also plotted 
with J - [8.8] colors II Wang fc Chenl 12001) . The black box in all 
panels marks the approximate location of the aO-AGB stars (aO- 
AGB stars are selected from the J- [8] vs. [8] CMD). The Galactic 
S-type stars tend to occupy the same location on the CCD as our 
aO-AGB stars. The known extrinsic S-type stars (blue diamonds) 
preferentially coincide with our aO-AGB stars, while the known 
intrinsic S-type stars (asterisks) have redder J — [8.8] colors. 

AGB may not be very dusty. We see this in globular 
clusters, which show that not all stars at th e TRGB ex- 
hibit excess IR emission attributed to dust ([Bover et al.l 
l2009ai IMcDonald etHI [20091 l20"IIal) . These aO-AGB 
stars may therefore be the dusty siblings of "naked" O- 
AGB stars. Many of the aO-AGB stars also show excess 
24- ^m emission (see Section 14.11) , which supports this 
scenario. 

It is also possible that the aO-AGB stars are O-rich 
AGB stars with particularly strong and/or broad silicate 
emission, causing a redder J — [8] color than stars with 
weaker silicate emission. It is unknown what sort of star 
or what stage of AGB evolution would cause such a sili- 
cate enhancement. 

A third possibility is that the aO-AGB stars may be 
S-type AGB stars. S-type stars show many spectral fea- 
tures corresponding to s-process elements, and the C/O 
ratio in such stars is near unity. A collection of near- 
IR magnitudes from 2MASS and 8.8-//m magnitudes 
from the Midcourse Space Experiment ( MSX) of Galac- 
tic S- type AGB stars was co mpiled by W ang k. Chen! 
(2002) and lYang et all (120061). and has been featured 
in a number of st udies (e.g.. iGuandalini fc Bussol 120081 : 
iZhang et all 1 2 Old) . These studies find that S-type AGB 
stars have IR colors very similar to our aO-AGB stars, 



and intermediate to O-AGB and C-AGB IR colors. Fig- 
ure [8] shows the J — [8] vs. J — K s color-color diagram 
(CCD) of AGB stars in the LMC wi t h the S-type J - A 
and J — K s c olors from lYang et al.l ([2006D also plotted. 
We note that IKastner et al.l (|2008T) show that MSX A- 
band photometry (centered at 8.8 fim) is systematically 
psO.I - 0.6 mag brighter than the Spitzer 8-^tm band for 
evolved stars over a broad range of K — [8] color (sec 
their Fig. 6), so some of the Galactic S-type stars will 
have slightly redder colors in Figure [5] than the SAGE 
stars. Most aO-AGB stars occupy the region outlined 
by the black box, and a sizable portion of the Galactic 
S-type stars also occupy this space. There is also an indi- 
cation that extrinsic S-type stars (those whose s-element 
enhancement is due to mass transfer from an AGB binary 
companion) preferentially occupy the space belonging to 
the aO-AGB stars, as opposed to intrinsic S-type stars 
(those whose s-element enhancement is due to their own 
third dredge- up), which tend to be redder. 12 However, a 
lower metallicity may cause SMC and LMC intrinsic S- 
type stars to make the transition from O-rich to C-rich 
more quickly than in the Galaxy. This would result in a 
less-developed dusty envelope in the Magellanic intrinsic 
S-type stars, and thus cause a smaller IR excesses than 
Galactic intrinsic S-type stars. It is therefore difficult 
to estimate whether an intrinsic or extrinsic classifica- 
tion is more likely if the aO-AGB stars are indeed S-type 
stars. Extrinsic and intrinsic S-type AGB stars have sim- 
ilar luminosities, so they cannot be distinguished by their 
absolute magnitudes. 

Spectra showing s-process eleme nts or dus t fea- 
tures typical of S-t ype stars (e.g., IHonv et all 120091 : 
ISmolders et al.l I201CO are requir ed to confidently iden- 
tify our aO-AGB stars as S-type. IHonv et al.l (|2009f ) find 
that IR features of intrinsic S-type AGB stars (extrin- 
sic S-type stars rarely show 12-^m excess indicative of 
dust) are similar to those of O-rich AGB stars, but the 
10-/xm silicate features of S-type stars are smoother, with 
O-rich AGB stars showing at least three distinct compo- 
nents due to amorphous silicates and aluminum oxide. 
Since the edge of the silicate feature is captured in the 
IRAC 8-fj.m band, the differing shape of the feature may 
be the cause of the difference in J — [8] color between 
O-AGB and aO-AGB stars, as seen here. However, Fig- 
ure [5] indicates that the aO-AGB stars are more likely to 
be extrinsic than intrinsic, so they should not exhibit sil- 
icate features at all. In any case, if S-type classification is 
confirmed, the J — [8] color may prove a useful photomet- 
ric diagnostic for identifying S-type AGB star candidates 
when spectra are unavailable. We note, however, that 
the aO-AGB stars account for nearly 20% of the SMC 
AGB population, which is higher than what might be 
expected of S-AGB stars. Inspection of Figure [7] shows 
that the aO-AGB stars likely include O-AGB stars that 
are in the tail of the J — [8] color distribution. It is not 
possible to separate aO-AGB stars and O-AGB stars in 
this region with SAGE photometry, so it is possible that 
we have overestimated the number of aO-AGB stars and 
underestimated the number of O-AGB stars. Therefore, 
while some of the aO-AGB stars may be S-type, we ex- 
pect that many (or indeed most) are instead the dusty 



12 E xtrinsic and intrinsic classifications are from Wan g fc Chenl 
(2002), and are based on Tc-enrichment 
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Fig. 9.— CMDs showing the FIR objects, AGB and RSG stars: O-AGB (blue), aO-AGB (orange), C-AGB (pink), x-AGB (green), RSG 
(red), and FIR objects (black). The y-axis is the absolute 3.6 fira magnitude (M3.6) for all panels. Several dust and molecular features 
were captured in the IRAC and MIPS bands, causing red and blue IR colors. See text. 



cousins of regular O-AGB stars. 

3.1.6. Far-IR Objects 

Sources with spectral energy distributions (SEDs) that 
rise from 8 to 24 /im are typically unresolved background 
galaxies, compact HII regions, pl anetary nebulae ( PNe) , 
or YSOs (| Whitney et al.i (20031) . IGruendl fc Chul (2009) 
identify YSOs in the LMC SAGE data, and 700 of 703 of 
their YSOs show this type of rising SED. We call these 
sources far-IR (FIR) objects. 

In the SMC, 57 FIR sources fall within the AGB and 
RSG photometric selection criteria described in the pre- 
vious sections, especially among the O-AGB and x-AGB 
samples. We show the SEDs of these FIR sources in Fig- 
ures [TO] and [TTJ The vast majority of the FIR sources are 
located within star-forming regions in the bar and wing, 
with only a handful located on the outskirts of the bar 
(see Figs. H- [T5]). 

It is possible that there is a small number of extremely 
enshrouded evolved stars among these FIR objects; in 
the LMC, there is an RSG (IRAS 05280-6910) whose 
dusty envelope causes its SED to peak near 30 /im and 
stron g silicate self-absor ption suppresses the 8-/im flux 
(e.g.. iBover et al.ll2010aD . These objects, which are on 
the verge of becoming post-AGB st ars, are short-lived 
(~10 3 yr, Ivan Loon et al.1 l2010al) . so are extremely 
rare. The SEDs of known PNe are also similar t o those 
shown in Figures [TO] and [TT] (|Hora et al.l 120081 ). It is 
unclear how many of the FIR sources are truly evolved 
stars; since the exclusion of these sources might mean the 
exclusion of the dustiest evolved stars, we retain them in 
our analysis, albeit in a separate category of FIR objects. 

Our sample of FIR objects contains only one confirmed 



evolved star; the RSG BMB-B75 was originally classi- 
fied as an O-AGB by its mid-IR colors (j3"XTj) . Five FIR 
source s are classified as YSOs through modeli ng of their 
SEDs (|Bolatto et al.l 120071: ISimon et all 120071 ). In addi- 
tion, eight are confirmed as YSOs using far-IR Spitzer 
data (jvan Loon et al.ll2010bf ). and eight mo re are classi- 
fied as HII regions or emission line stars bv lWilke et al.l 
(|2003l and references therein). Most of the FIR objects 
(49 of 57) are classified as YSOs by J.M.Oliveira et al. 
(2011, in preparation), L.Carlson et al. (2011, in prepa- 
ration), and M.Sewilo et al. (2011, in preparation) based 
on their mid-IR colors. The coordinates and photome- 
try of the FIR objects that fall within our evolved star 
classifications are listed in Table [3] along with the other 
evolved stars. 

3.2. Remaining Contamination 

While our selection criteria eliminate most contamina- 
tion from other source types, we can estimate the degree 
to which our evolved star samples are still contaminated 
by YSOs and compact H II regions. Even after separat- 
ing the FIR objects from the evolved stars, there remains 
some overlap between our AGB sample (Table [5]) and 
a catalog of SMC YSO candidates compiled by Sewilo 
et al. (2011, in preparation), who also use IR color- 
magnitude cuts to identify sources. According to their 
catalog, YSOs make up <1% of our final C- and O-AGB 
s amples and ~6% of th e x-AGB sample. 

IKastner et al.l ([20081 ) derived JHK S - and 8-fxm color 
cuts for various sources in the LMC (see their Table 3). 
Using these cuts, we find that the x-AGB sample may 
contain only 3 H II regions, even after adjusting the cuts 
slightly to account for the metallicity difference between 



10 



Boyer et al. 



10* 
10 2 

10 1 

10° 

W 1 

1= 10" 1 
^10" 2 

x „ 

£ 10 2 

1 10 1 
< 



10° 



10" 



I — 1 — 1 — K 

■ ■ 


1 | I \ 

- / ^-j^ 




i i 

iaO-AGB 

1 1 


i i • 

RSG 



0.1 1.0 10 100 1.0 10 100 



Wavelength (am) 

Fig. 10. — FIR objects eliminated from the AGB and RSG sam- 
ples on the basis that the 24-^m flux density exceeds the 8-/xm 
flux density. The source plotted with blue asterisks in the O-AGB 
panel is BMB-B 75, a confirmed RSG that falls within our O-AGB 
selection criteria. 
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Fig. 11. — FIR objects eliminated from the SMC x-AGB sample 
on the basis that the 24-^tm flux density exceeds the 8-/xm flux 
density. Fluxes have been scaled for clarity. The coordinates and 
photometry of these sources are available electronically (Table [4}. 

the LMC and SMC. Their RSG cuts are not usable here 
as they overlap strongly with our C-AGB and O-AGB 
sources, and do not include the bulk of the stars identified 
here as RSGs (e.g., Fig.|4]). 
Background galaxies are identified in the SAGE-LMC 



data by iGruendl fc Chul (|2009f ) through examination of 
the mid-IR SEDs and images. Only 5 probable back- 
ground galaxies from their selection are included in our 
LMC x-AGB sample, so we expect the total contamina- 
tion from unresolved background galaxies to be low in 
both the LMC and SMC samples. 

The color-cuts chosen to distinguish O-AGB from C- 
AGB stars are approximate, and it is likely that there is 
cross-contamination between the two samples. We dis- 
cuss this more in Sections 14.11 and 14.31 

3.2.1. Classification Summary 

Our catalog of evolved stars and FIR objects for both 
galaxies is available electronically (see Table 0] for a 
sample from the SMC). Figure ® presents CMDs span- 
ning optical to IR wavelengths of the selected AGB and 
RSG stars. Several dust and molecular features are vis- 
ible; the C-AGB stars (pink) show blue [4.5] - [5.8] and 
[3.6] — [5.8] colors due to absorption from CO and/or C3 
at 4 — 6 ^m. The x-AGB stars (green) which tend to 
be carbon-rich (e.g., bun Loon et al.lfl997l I2006H. [2008b; 



iMatsuura et al.il2009t ) . often show absorption of HCN 
C2H2 near 3 /^m, causi ng very red [3.61 — [5.8] , [3.6] — [8.0], 
and [3.6] - [24] colors (jMatsuura et al.ll2008l ). MgS emis- 
sion in x-AGB stars can inflate the 24-^m flux, causing 
very red [3.6] — [24] and [8] — [24] colors. Strong sili- 
cate features in O-AGB (dark blue) and RSG (red) stars 
cause excess 8- and 24-/zm emission. There is also a small 
subset of x-AGB stars that are O-rich, typically OH/IR 
stars, whose silicate features also enhance the 8- an d 
24-^m flux (jWood et all 119921: Ivan Loon et~aT1l2001alE 
2005b). Continuum dust emission also causes red colors 
in the IR CMDs. For examples of typical mid-IR spectra 
of LMC stars that s how the features described above, see 
IWoods et all (poll . 

The spatial distributions of FIR objects and RGB, 
RSG, and AGB stars are presented in Figures [T^] - fT51 
The RGB stars show a smooth distribution from the bar 
to the tail, with a drop in density where the 2MASS 
data transits from deep to shallow coverage and there 
is no IRSF coverage. Most AGB stars are restricted to 
the bar, where they constitute 0.4% of the total 3.6-/xm 
point-source population (Section 13. 3[) . In the tail, this 
same fraction is 10 x smaller. RSG stars show a clumpier 
distribution than t he AGB stars, likely due to recent 
star f ormation (e.g. . Harris fc Zar itskv 2004; Gicle s et al.l 
120081 ). The RSG and RGB branches tend to be affected 
by foreground contamination, so we have subtracted the 
estimated foreground level from Figures Q3] and Ql)] (Sec- 
tion 12.21) . The resulting distribution of RSG stars out- 
lines the bar and wing. 

FIR sources among each population are also plotted 
in Figures IT21 - [T51 These sources are preferentially dis- 
tributed in the bar, suggesting that most of them are 
either very dusty evolved stars, H II regions, or YSOs 
belonging to the SMC. Among the x-AGB sample, the 
FIR objects are especially clustered around regions of 
star formation in the north and south regions of the bar 
and in the wing. FIR objects in the RGB sample are de- 
tected out to edge of the coverage, suggesting that many 
of these are unresolved background galaxies. 

3.3. Detection Statistics 
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TABLE 4 

Sample of Evolved Stars and FIR objects in the SMC 









IRAC 




MIPS 


IRAC Designation 


Classification 


[3.6] 


[4.5] [5.8] 


[8.0] 


[24] 



SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 



J001821.19- 
J001941.08- 
J002020.39- 
J002124.62- 
J002132.72- 
J002240.79- 
J002249.44- 
J002313.05- 
J002357.70- 
J002358.64- 



733601.0 
732111.0 
735058.7 
734450.1 
735222.7 
733246.9 
730350.1 
732835.0 
732542.3 
733804.0 



C-AGB 
RSG 
C-AGB 
x-AGB 
C-AGB 
C-AGB 
C-AGB 
RGB 
aO-AGB 
FIR 



9.71±0.04 
9.92±0.02 
10.52±0.04 
9.85±0.03 
10.39±0.03 
10.28±0.02 
10.86±0.03 
12.66±0.03 
11.34±0.04 
12.50±0.03 



9.71±0.02 
9.92±0.02 
10.48±0.04 
9.55±0.03 
10.09±0.03 
10.30±0.02 
10.91±0.03 
12.69±0.03 
11.33±0.04 
11.58±0.03 



9.58±0.04 
9.74±0.02 
10.45±0.06 
9.23±0.02 
9.62±0.04 
10.06±0.02 
10.56±0.04 
12.60±0.06 
10.96±0.04 
10.12±0.02 



9.12±0.02 
9.50±0.03 
9.92±0.05 
8.82±0.02 
9.16±0.04 
9.72±0.03 
10.40±0.03 
12.52±0.07 
10.79±0.05 
8.32±0.02 



9.24±0.05 
9.51±0.07 
9.77±0.06 
8.86±0.04 
8.88±0.04 
9.83±0.08 
10.35±0.10 
10.42±0.13 
11.06±0.23 
4.13±0.01 



Note. - - A sample from the SMC evolved star catalog is shown here. The full catalog is available 
electronically, and also includes MCPS UBVI and 2MASS JHK S magnitudes. Magnitudes in this table 
have not been corrected for reddening. 
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Fig. 12. — The spatial distribution of O-AGB (top) and aO- 
AGB (bottom) stars in the SMC. The approximate IRAC coverage 
is outlined (Fig. [TJ. FIR objects selected from each sample are 
marked by a black "x" . Most AGB stars are confined to the bar. 
Foreground /background con tamination accounts for 2.5% of the 
O-AGB sample (Section l3~2t . 

The detection statistics for SAGE-SMC are listed in 
Table OH and [5] The SMC has a higher fraction of C- 
rich stars (x-AGB stars tend to have a C-rich chem- 
istry). This is not unexpected since a generally low oxy- 
gen abundance in low-metallicity stars and in situ carbon 
enrichment in thermally-pulsing AGB stars make it eas- 
ier to achieve C/O > 1, which is required to form carbon- 
rich dust. The same phenomenon can also explain the 
higher fraction of aO-AGB stars in the LMC if these stars 
are simply dusty O-rich AGB stars. It should be noted 
that, though there is a higher fraction of carbon-rich stars 
in the SMC, it has been shown that LMC ca rbon stars 
are dustier than their cousins in the SMC (cf. Ivan Loon] 
l2000t Ivan Loon et~aLll2006bl I2008H) . This might be ex- 
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Fig. 13.— Same as Fig. [12] for C-AGB (top) and x-AGB (bot- 
tom) stars. 

plained if dust is difficult to form without other metals 
to act as nucleation cores. 

Figure [TB] shows the contribution of each stellar type 
to the total point-source flux in the SMC and LMC and 
Figure [IT] shows their contributions to the total number 
of point-sources. Below, we point out some interesting 
features: 

• In the bar, AGB stars together contribute 23%, 
38%, and 16% of the point-source flux at 3.6, 8, 
and 24 /zm, respectively, despite being only a small 
fraction of the population. 

• At 8 and 24 /xm, the x-AGB stars are the most 
impressive evolved stars. They contribute «12% - 
18% of the point-source flux in the bar while num- 
bering <1% of the total stellar population. In 
the wing, the x-AGB stars appear less important, 
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Fig. 14. — The spatial distributions of RSG stars, plotted in stel- 
lar densit y, wi th the level of foreground contamination estimated 
in Section 12.21 removed. Only one FIR objects was selected from 
the RSG sample; it is marked in yellow. RSG stars show a clumpy 
distribution that is mostly confined to the bar and wing. 
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Fig. 15. — The spatial distributions of RGB stars, plotted in stel- 
lar density , wi th the level of foreground contamination estimated 
in Section 12.21 removed. We outline the IRSF coverage, which is 
deeper than the 2MASS coverage in the SMC tail. Since the fore- 
ground was estimated using IRSF data, the regions covered only 
by the shallow 2MASS survey (Fig. [T{ have been over-subtracted. 
This does not affect the RSG stars, as they are bright enough to be 
included in the shallow 2MASS survey. RGB stars show a smooth 
distribution from the bar out to the tail. FIR objects selected from 
the RGB sample are plotted in yellow. 



TABLE 5 
Evolved Star Statistics 



AGB Type 


% of AGB Stars 


SMC 


LMC 


O-AGB 


42.7 ± 1.0% 


44.2 ± 0.5% 


C-AGB 


29.8 ± 0.8% 


25.3 ± 0.4% 


x-AGB 


6.0 ± 0.3% 


4.5 ± 0.1% 


aO-AGB 


21.5 ± 0.7% 


26.0 ± 0.4% 




% of Total Point-Sources' 1 




SMC 


LMC 


O-AGB 


0.540 ± 0.011% 


0.472 ± 0.003% 


C-AGB 


0.377 ± 0.009% 


0.280 ± 0.005% 


x-AGB 


0.076 ± 0.004% 


0.048 ± 0.001% 


aO-AGB 


0.271 ± 0.008% 


0.277 ± 0.003% 


RSG 


0.725 ± 0.013% 


0.200 ± 0.001% 


RGB 


29.5 ± 0.091% 


17.7 ± 0.030% 


FIR 


0.079 ± 0.001% 


0.065 ± 0.001% 



a Percentage of the total number of point- 
sources detected in both J and [3.6] (Ta- 
ble[2]). 
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Fig. 16. — Fraction of the total point-source flux contributed by 
AGB stars, RSG stars, RGB stars, and FIR objects in the SMC 
and LMC at 3.6, 8, and 24 £tm. 

though this may be the result of small-number 
statistics since only 9 x-AGB stars are detected in 
the wing. 

• In the LMC and the SMC bar, the AGB stars 
together out-shine the RSG stars at 3.6, 8, and 
24 /xm. The reverse is true in the wing, where 
recent star formation may be enhancing the RSG 
population, increasing their contribution at 3.6 and 
8 /im. The LMC RSG stars are less significant, con- 
tributing 3 x - 5 x less to the total point-source flux 
than the AGB stars at all wavelengths. 

We note that about 16% of the RSG stars in the 
SMC have 24- / xm co unterparts (Table [U see also 
iBonanos et al.l 120101) ; this fraction rises to 34% 
for the LMC. A similar trend is seen in the O- 
AGB stars. Some of this discrepancy may be due 
to the increased distance to the SMC and lim- 
ited sensitivity of 24-^m data, but it may also 
suggest that O-ri ch stars form dust m o re eas- 
ily in the LMC (Ivan Loon et al.l I2006U l2008bl: 
IBonanos et al.ll2010D . 



Although RGB stars are by far the most numerous 
stars SAGE-SMC data, they contribute <14% to 
the 3.6- and 8-fxm point-source fluxes. This sce- 
nario is quite different to that in old stellar popu- 
lations such as globular clusters, where RGB stars 
can contribute close to 100% of the mid-IR point- 
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Fig. 17. — Fraction of the total point-source population con- 
tributed by AGB stars, RSG stars, RGB stars, and FIR objects in 
the SMC and LMC at 3.6, 8, and 24 fim. 

source flux. The contribution from RGB stars is 
higher in the wing and tail than in the bar, per- 
haps indicating an aging stellar population in the 
outskirts of the SMC. 

• The FIR objects are extremely important contribu- 
tors to the mid-IR flux, providing up to 45% of the 
flux at 24 /itm. If these sources had not been culled 
from the evolved stars list, the result would be a 
huge overestimate of the mid-IR flux contribution 
from evolved stars. 



IMaraston et al.l (|2006) and lHenriques et al.l (|2010l ) find 
that thermally-pulsing AGB stars are important contrib- 
utors to the SED of galaxies at redshift z ~ 2 — 3, par- 
ticularly at rest-frame near-IR wavelengths. The above 
points and Figure [16] reinforce these results. However, 
if we are to fully understand the importance of cool, 
evolved stars in distant galaxies, we must also consider 
the global flux (point-source + extended). The global 
flux of the SMC at IRAC and MIPS wavelengths within 
2.5° of the SMC center (an area covering most o f the 
bar and wing) is measured by iGordon et al.l (|2011l) . At 
3.6 /j,m, we find that the RGB and AGB stars in this 
same area each contribute 21% to the SMC global flux, 
with RSG stars trailing close behind at 19.5%. The AGB 
stars do, therefore, appear to play an important role in 
the near-IR SED. However, the contribution from less 
evolved RGB and more massive RSG stars is equally im- 
portant. This agrees with recent work by Melbourne et 



al. (2011, in prep), showing the importance of RSG stars 
to the near-IR flux of nearby galaxies. However, we note 
that RGB and RSG stars are strongly contaminated by 
foreground sources fSection l2.2[) . 

The picture changes considerably at longer wave- 
lengths, with the AGB stars contributing more to the 
global flux (17%) than RGB and RSG stars (each «7%) 
at 8 /im. The ISM emission dominates at longer wave- 
lengths: <3% of the global 24- /xm flux is produced by 
the cool evolved stars, 2/3 of which is due to AGB stars. 

4. EVOLVED STAR CHARACTERISTICS 

4.1. Infrared colors 

IR colors are good diagnostics of stellar and dust 
properties when investigating a large stellar popula- 
tion and/or when lacking IR spectra. In Figure [TH 
we used the AGB and RSG stars selec ted in Sec- 
tion 13. 1 1 to reproduce the CCDs presented in ISloan et al.l 
(2006 ).IKastner et all (120081) . [Lagadec et al.l (<2007f ) and 
iGroenewegen et all (|2009f ) to distinguish different types 
of AGB stars. 



4.1.1. J-H vs. K s 



[24] 



The top panel of Figure [TH] is essentially a compari- 
son of the photosphere or spectral type (J — H) to the 
dust excess (K s — [24]), except for the most heavily dust- 
enshrouded stars, where J — H becomes a measure of the 
optical depth of the dust envelope instead. The distribu- 
tion of AGB stars among K s — [24] color (Fig. fT9|) shows 
that the C-AGB and aO-AGB stars are dustier than the 
O-AGB stars. However, we note that since the aO-AGB 
stars are selected based on their red J — [8] colors (com- 
pared to O-AGB stars), it is not unexpected to also see 
red K s — [24] colors. The x-AGB stars show the strongest 
dust excess and an extremely extinguished photosphere. 
We see that there is a large range of 24-/j,m excess for all 
evolved stars, even over a small J ~ H range. 

The 24 /im flux is generally dominated by continuum 
dust emission, though some O-AGB stars can achieve 
strong 24-^m excesses since the 24-/xm filter clips the 
red edge of the broad 20-/mi silicate feature. While the 
bulk of O-AGB stars have K s — [24] < 3 mag, a small 
population of O-rich sources show colors as red as the 
x-AGB stars. It is possible that this group of sources 
is contaminated by YSOs or that the 24-^m emission is 
instead due to illumination of local ISM dust. 

4.1.2. J-K s vs. [8] - [24] 

In the second panel of Figure [181 we show a CCD 
similar to that presented bv ISloan et al.l (|2006l ). which 
showed a separation of stars with spectroscopically- 
confirmed O-rich and C-rich dust. The silicate sequence 
is vertical, with J — K s < 1.3 (solid line), and the 
carbon-dust sequence is more horizontal, starting near 
[8] — [24] ~ mag. Based on this classification, the ma- 
jority of the x-AGB stars appear to be dominated by 
C-rich chemistry, and the aO-AGB stars do indeed ap- 
pear to be dominated by O-rich chemistry. The dashed 
line shows the limit where i 7 '„(24/im) = F„(8fim). 

4.1.3. [8] - [24] vs. [5.8] - [8] 

The third pan el of Fi gure [18l is used by 
IGroenewegen et alj (|2009l ) and iKastner et alj (|2008t ) to 
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Fig. 19. — Distribution of AGB stars among the K B — [24] color. 
The median color of the aO-AGB stars are is 0.52 mag redder than 
the O-AGB stars (vertical dotted lines), indicating a stronger dust 
excess in the aO-AGB stars. 

show the color differences between O-AGB, C-AGB, and 
RSG stars. When one takes into account the difference 
in nomenclature (in both of those works, the C-rich 
AGB and O-rich AGB stars are what we call x-AGB 
stars and bright O-rich AGB stars here, respectively), 
we see that our CCDs are quite similar to these previous 
studies. 

When restricted to Spitzer colors, the [8] — [24] vs. 
[5.8] — [8] CCD is a good choice for distinguishing C- 
rich and O-rich AGB stars since 95% of the stars classi- 
fied as O-rich in Section 13.11 fall below the solid line in 
the third panel of Figure [18] and 90% of the C-rich stars 
lie above it. However, the RSG stars remain indistin- 
guishable from the O-rich AGB stars and x-AGB stars 
show significant overlap with C-AGB stars. This color 
scheme also restricts the selection to those detected at 
24 //m, which is a m inority of the O - rich p opulation in the 
SMC. Nonetheless. iLagadec et all (|2007| ) show the sepa- 
ration of spectroscopically confirmed C-rich and O-rich 
dust-enshrouded sources in this CCD. Our classification 
scheme is consistent with what they find. 

4.1.4. [5.8] - [8] vs. [3.6] - [4.5] 

In the bottom panel Figure [TH we can see the effect 
that CO and/or C3 absorption has on the [3.6] — [4.5] 
color. It is clear that the C-AGB stars show stronger 
absorption as the 8-/zm excess increases and the x-AGB 
stars show almost no indication of this absorption due 
to dust emission veiling the mo lecular absorption bands 
(|van Loon et al.ll2006bl l2008bl) . The IRAC colors are 
sufficient for distinguishing the x-AGB stars, but C-AGB 
and O-rich AGB stars are difficult to isolate without the 
addition of near-IR photometry. 

4.1.5. Comparing SMC and LMC Colors 

Figure [20] shows the J-K s vs. [8] - [24] CCD from the 
second panel of Figure [TH] this time comparing the SMC 
to the LMC. The LMC tends to have a larger population 
than the SMC at very red [8] — [24] colors, but the range 
in these colors is essentially the same in both galaxies. 

The near-IR color tends to be slightly redder for the 
LMC stars than the SMC stars, likely due to the dif- 
ference in metallicity between the galaxies. The x-AGB 
stars are the exception to this rule, possibly because their 
near-IR stellar flux is extremely extinguished by circum- 
stellar dust. 
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Fig. 20. — CCDs of the SMC AGB stars (black) compared to LMC AGB stars (gray). FIR objects are marked by crosses. The x-AGB 
samples contain man y FIR objects, i llustr ating that one must tak e care when selecting x-AGB stars by photometric criteria alone. See 
IWhitnev et~aLl 12003 1 . iBoIattoet al.l 12007ft , and lSloan etaLl {2006) for similar figures. 
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Fig. 21. — 3.6-^m luminosity functions for the SMC (dotted line 
shows the SMC corrected for background and foreground contam- 
ination) . The luminosity functions of each type of evolved star are 
also shown. The vertical dashed line marks the 3.6 fim TRGB. 
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This is especially evident in the LMC. Very ob- 
scured O-rich sources (though rare) can reach col- 
ors redder than J - K R = 2 (e.g., IRAS 05298-6957 
or IRA S 05280-6910: iWood et al.lll992t Ivan Loon et al.1 
I2001allbl . [20ltal IKemper et al.ll2010HBover et al.H2010al ). 
These O-rich interlopers can skew the measurement of 
the global mass-loss rate (see Section [53]) for the C-rich 
stars. However, the C-rich stars contribute significantly 
more to the cumulative mass-loss rate than thei r O-rich 
counterparts in the LMC ([Srinivasan et al.ll2009l also see 
Section l5~3"]) . so this effect may not be significant. 

The CCDs in Figure [18] indicate that the IR colors, 
particularly the combination of J — K s and [8] — [24] , can 
be used in the absence of IR spectra to identify AGB and 
RSG stars with reasonable confidence. The minimal dif- 
ferences between the LMC and SMC CCDs also suggest 
that the CCD in Figure [20] applies to stellar populations 
over a fairly broad range in metallicity. However, one 
must use caution especially when attempting to distin- 
guish x-AGB stars and YSOs. 

4.2. Luminosity Functions 

Luminosity functions are useful in constraining the 
evolutionary models of evolved stars, providing con- 
straints to the star-formation history and to several pro- 



cesses and parameters, including nucleosynthesis, mix- 
ing, mass loss, ev olutionary rate, ste l lar lifetime, and in i- 
tial stellar mass ([Marigo et al.lll999l : Uavadi et al.ll2011| ). 
Figure r2"Tl shows the 3.6-/xm luminosity functions of the 
SMC and its cool evolved stars. The RSG stars domi- 
nate the luminosity function at the brightest magnitudes. 
This points to the importance of RSG stars to the total 
integrated near- to mid-IR luminosities of galaxies, de- 
spite their low numbers (Section [33]) . 

The 3.6 yum luminosity function of RSG stars drops 
smoothly with magnitude and spans the broadest mag- 
nitude range. AGB stars do not drop smoothly with 
magnitude, showing an enhancement near —8 > M^.q > 
— 10 mag from C-AGB stars. We show the individual 
luminosity functions for AGB stars in Figure [22] To es- 
timate the luminosities of the AGB stars, we performed 
a simple trapezoidal integration from the optical U-band 
through mid-IR 24-/im flux. We find 6 O-AGB and 3 
x-AGB stars that are brighter than the classical AGB 
limit (Mboi = —7.1 mag) in the SMC; it is possible for 
AGB stars to exceed the classical limit if they are at the 
peak of their pulsa tion c ycle or are experiencing HBB 
(iSmith fc Lambert! Il985t iBoothrovd fc Sackmannlll992t 
Ivan Loon et al.ll2001afl2005allbr ). iSrinivasan et al.l (|2009D 
found hundreds of AGB stars brighter than the classi- 
cal limit in the LMC, but this is due to an overestimate 
of the luminosities in that work (S. Srinivasan, private 
communication). We present the revised LMC bolomet- 
ric magnitudes here and find 34 LMC AGB stars brighter 
than the classical limit. 

4.2.1. The Carbon Star Luminosity Function 

iMarigo et al.l (|1999l ) use the carbon star luminosity 
functions (CSLFs) of the Magellanic Clouds to con- 
strain t he third dredg e -up p rocess. The CSLF was de- 
rived bv lGroenewegenl (| 19981) . using ssl 700 C-rich AGB 
stars identified spectroscopically by the Swan C2 bands 
at 5165 A and 47 3 7 A a nd bolometric corrections from 
iWesterlund et al.l (|1986l ). These data cover most of 
the bar and wing of the SMC, but exclude the heav- 
ily enshrouded C-rich x-AGB stars. They find that the 
CSLF peaks at Mboi = —4.265 mag (adjusting for a 
slight difference in adopted distance modulus) and is 
broad and roughly symmetric. Here, the median of 
the combined C-AGB and x-AGB luminosity function 
(Fig. [23]) is Mboi = —4.63 mag, with a lc dispersion 
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Fig. 22. — AGB luminosity functions for the SMC and LMC. 
The vertical dashed line marks the classical AGB limit (Mbol = 
-7.1 mag); only 9 SMC AGB stars (< 0.2%) and 34 LMC AGB 
stars (< 0.1%) exceed this limit. 

of 0.50 mag. The peak is significantly brighter than the 
peak observed by iMarigo et al.l (|1999t ). If we exclude 
the x-AGB stars, the result is a slightly fainter and nar- 
rower CSLF (Mh n i. nB ak = -4.59 mag, 1 a — 0.46 mag). 
Ivan Loon et al.l (|1999alJbl . 2006bT) also show that the heav- 
ily enshrouded C-rich stars (the x-AGB stars here) tend 
to be more bolometrically luminous than the optically- 
detected carbon stars. 

For the LMC, our CSLF peaks near the IMarigo et al.l 
((1991 CSLF peak, but is significantly narrower. We 
find Mbol.peak = —4.88 mag and a width 1 a = 0.48 mag, 
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Fig. 23. — Carbon Star Luminosity Functions for the SMC and 
LMC, normalized to the total number of stars in each sample. 
Both C-AGB and x-AGB stars are included. The medians are 
m arked by dashe d lines . The dotted lines mark the medians found 
by IMarigo et all Q19991 ). Excluding the x-AGB stars results in a 
fainter peak (AM[, i = 0.04 mag for the SMC, but no shift for the 
LMC). In both galaxies, excluding the x-AGB stars results in a 
dispersion (a) that is 0.04 mag narrower. 
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Fig. 24.— AGB and RSG [8] histograms for the SMC (black lines) 
and LMC (gray lines). Medians are marked by dotted lines, and 
the dot-dash line in the O-AGB panel shows the adopted division 
between bright and faint O-AGB stars. The LMC has been shifted 
0.4 mag fainter to match the SMC distance (assuming dsMC = 
61 kpc and c(lmc = ^1 kpc). The LMC distributions have also been 
scaled down so that the peaks of the LMC and SMC distributions 
match. Although the aO-AGB stars are shown separately, they 
are also included in the C-AGB or O-AGB panels, based on their 
original classification using the J — K B color. 
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or O-AGB panels, based on their original classification using the 
J — K B color. 



whereas lMarigo et all (|1999f ) find Mb i, p0 ak = —4.84 mag 
a nd 1 a = 0.55 mag. 

iMarigo et al.l (|1999l ) suggest that a higher efficiency of 
the third dredge-up is required in the SMC to explain the 
fainter peak of the SMC CSLF compared to the LMC. 
Here, we find that the SMC CSLF is 0.37 mag brighter 
than in that work, though it is still 0.26 mag fainter 
than the LMC CSLF. Therefore, the difference in the 
efficiency of the third dredge-up between the Magellanic 
Clouds may not be as substantial as they predict. 

4.2.2. The 8 /im Luminosity Function 

The 8- fim magnitude includes information on the dust 
emission rather than on the temperatures of the pho- 
tospheres. Histograms showing the distribution of each 
stellar type over [3.6] — [8] color and over 8-/im magnitude 
are shown in Figures [M] and [531 The LMC histograms 
have been shifted down to match the SMC peak in each 
panel and shifted 0.4 mag fainter at 8 /im to account for 
the difference in distance between the LMC and SMC 
(Table [T]). The shapes of the resulting LMC histograms 
are quite similar to the SMC histograms. The relative 
difference between the median 8- yum magnitudes (dotted 
lines) ranges from 0.32 mag for the bright O-AGB stars 
to 0.55 mag for the x-AGB stars and 0.73 - 0.78 mag for 



the other stellar types. 

Figure [25] shows the distribution of the evolved stars 
in [3.6] — [8] color, which represents circumstellar dust 
excess. We show the IRAC color to ensure that all x- 
AGB stars are included, since many x-AGB stars are 
undetected at near-IR magnitudes. The median colors 
of the RSG and x-AGB stars are similar in both galaxies 
(A([3.6] - [8]) = 0.03 and 0.08 mag, respectively), but it 
is clear from Figure [25] that a significant number of LMC 
RSG and x-AGB sta rs show strong 8-/im excess (also see 
iBonanos et al.lf2010f ) . This suggests that the LMC stars 
may be more efficient d ust producers, whether the dust 
is 0-r i ch or C -rich (cf. Ivan Loonl [20051 1 van Loon et al.l 
I2006U I2008H ). It is interesting that the other evolved 
stars do not show a strong difference in [3.6] — [8] be- 
tween the LMC and SMC; it seems as though metallicity 
does not strongly affect the dust production except in 
the more extreme evolutionary phases. 

4.3. Spectral Energy Distributions 

The SAGE-SMC (and SAGE-LMC) catalogs are ideal 
for investigating the full evolved star SEDs since they 
include 12 bands of photometry and a well-sampled SED 
near the peak luminosity. The SEDs shown reach only 
to 24 fim, but very few stars are expected to show m uch 
emission at longer wavelengths ()Bover et al.ll2010al also 
see Section I4.4J) . Figure [25] shows the median SEDs for 
each type of evolved star, with LMC SEDs scaled down to 
account for the difference in distance between the galax- 
ies. We note that these SEDs only include stars in the 
SMC bar, as the optical MCPS coverage does not ex- 
tend to the tail (Fig. [1} . The median SEDs are resistant 
to outliers, so we show SEDs binned by magnitude and 
color in Section 14.3.1 1 

The x-AGB stars are heavily extinguished, showing a 
peak luminosity between 4.5 and 8 fim. O-AGB, C-AGB, 
and aO-AGB stars peak in the near-IR, with C-AGB 
stars showing the coolest temperatures of the three. RSG 
and RGB stars peak near the -ff-band. A second SED is 
shown for RSG and RGB stars undetected at 24 /im. Less 
than 1% of the SMC RGB stars have 24- /im counterparts 
(Table [2]), and based on the strong 24- /im excess in these 
sources, it is likely that they are either mis-identified or 
contain a separate mid-IR source along the line-of-sight. 

There are few differences between the LMC median 
SEDs and the SMC SEDs. Discrepancies in the peak 
flux may be due to uncertainty in the relative distances 
of the galaxies or to an intrinsic difference between the 
luminosity functions of the galaxies (e.g., Fig. [24]) . For 
AGB stars, the 24-/im point is slightly brighter in the 
LMC than in the SMC. This appears to be due more to 
the higher fraction of 24- /im counterparts in the LMC, 
and less to differences in individual stars. In the previous 
section, we demonstrated that the median 8- fim magni- 
tudes of all evolved stars except the bright O-AGB stars 
are brighter in the LMC than the SMC. Figure [26] shows 
the opposite for the RSG stars, which is due to separat- 
ing those that are detected at 24 fim from those that are 
not; the large population of faint RSG stars detected at 
24 /im bring down the LMC 8-/im median. 

4.3.1. ,4GB star SEDs 

Figure [27] shows the median AGB SEDs, binned in 
steps of 0.5 mag at 3.6 /im. In the SMC, the faintest 
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Fig. 27. — Median SEDs of AGB stars, binned by 3.6-/jm magnitude. Bin size is 0.5 mag, and the number of stars within each bin is 
printed in the top left of each panel with the color corresponding to the SED color. 



and brightest SEDs of a particular stellar type look quite 
similar, with no obvious differences in the SED features 
(except for non-detections at 24 /im). The LMC, on the 
other hand, shows many differences between the bright- 
est and faintest sources. LMC O-AGB stars show a strik- 
ing increase in 24-/xm excess among the brightest «100 
O-AGB stars. Inspection of the individual SEDs shows 
that this excess is real, though it is possible that some of 
these sources are RSG or YSO interlopers. In the SMC, 
we find only one O-AGB star with 24- /im excess similar 
to these bright LMC O-AGB stars. 

The opposite effect is observed in the LMC aO-AGB 
stars, with the brightest stars showing a slightly weaker 
24-/im excess. In this case, it appears the difference in 
24- /im excess is due to the comparatively small number 



of stars included in the brightest bin of aO-AGB stars. 
The population of aO-AGB stars show a wide range of 
24- /im excess, mostly independent of the total luminosity 
(Fig.©. 

In both galaxies, the C-rich stars show an absorp- 
tion feature from 4 to 8 /im that is likely due to CO 
+ C3. This feature becomes stronger as C-AGB stars 
become redder (and brighter), then is veiled by contin- 
uum dust emission in the heavily extinguished x-AGB 
stars. This disappearance of the molecular feature in the 
fainter/bluer C-AGB stars may indicate some contami- 
nation from stars dominated by O-rich chemistry among 
the faint/blue edge of the C-AGB branch on the CMD 
(Figs. HI and |2"0"|) . The disappearance of the feature could 
also be explained if the faint C-AGB stars have warm 
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Fig. 28.— Same as Figure [27] but showing the RGB and RSG 
stars. Less than 1% of the RGB stars are detected at 24 fim, so 
we do not include the 24-fira point here. The range in 8- and 24- 
(im flux shown in the brightest RSG stars is real, i.e., it is not 
a consequence of having a small number of stars in the brightest 
bins. 

photospheres or if C/O is close to unity. 

4.3.2. RSG and RGB star SEDs 

The median SEDs of RSG and RGB stars, binned in 
steps of 0.5 mag at 3.6 /xm, are shown in Figure l28l RGB 
stars show no distinctive differences between the LMC 
and SMC or between the brightest and faintest stars. 
However, RSG stars show strong variations as a function 
of brightness. The brightest «100 RSGs in the LMC do 
indeed show enhanced 8- and 24-/xm excess, and the 200 
or so RSGs fainter than those also show a broad range 
of mid-IR excess. The same is true for the brightest «50 
RSG stars in the SMC. These SEDs indicate that signif- 
icant amounts of warm RSG dust form only around the 
bright est 7% of LMC RSG stars and 2% of SMC RSG 
stars. iBonanos et al.l (|2010D find similar trends. Since 
this dust emits strongly at 24 /im, its temperature may 
be slightly cooler than typic al AGB dust due to a l arger 
dust-free inner envelope (cf. Ivan Loon et all l2005a). Al- 
ternatively, these bright RSG stars may be those with 
the strongest silicate emission, which would enhance the 
flux in both the 8- and 24-/Ltm filters. 

4.4. 70-fj.m Point-Sources 

The SAGE-SMC and S 3 MC MIPS 70-fim observations 
are not sensitive enough to detect typical AGB and RSG 
stars in the SMC. However, a small sample of sources 
we identify as evolved stars based on the mid-IR colors 
(Section [3]) are associated with 70-/mi point-sources to 
within one full-width half-maximum (FWHM) of the 70- 
/iin point-spread function (PSF; 18"). We show the full 
SEDs of these source s in Figures [59] and [30] (also see 
Ivan Loon et~alll2010bf ). 

Six of the 70-/im sources are in our x-AGB star 
sample (Table [B]). Two sources have the coordi- 
nates of known compact H II regions (N88A and 
N26; e.g.. lTestor fc Pakulllll985t iHevdari-Malaveri et al.l 



119991: llndebetouw et all 120041 ). One is 4.6" away 
from a known pos t - AGB star (IRAS 00 350-7436; 
iWhitelock et all 119891: Ivan Loon et aLll2008bj ). and one 
is only 0.1" from a YSO candidate (S3MC 01051-7159; 
Ivan Loon et~aTl l2010bT ). Another source (SSTIS- 
AGEMA J010503.97-7 15925.4) is 1.7 " from an emis- 
sion line star (TIN 439; lLindsavlll96l] ). We expect that 
the 70 fim emission does in fact originate from these 
non-AGB sources or from superimposed background ob- 
jects rather than from true x-AGB stars. The re- 
maining 70-/im source in the x-AGB sample (SSTIS- 
AGEMAJ005640.88-725425.2) is not identified in the 
literature, and we cannot confidently identify it based 
on its SED shape (Fig. [29)) , especially since it is not 
matched to an optical or near-IR source. This source is 
centrally located in the bar, and its 24 and 70-^m pho- 
tometry may be affected by surrounding diffuse emission. 

LIN 439 and S3MC 01051-7159 are adjacent to one an- 
other (0.38') and in a crowded region on the northeast 
edge of the bar, surrounded by strong diffuse mid-IR 
emission. IRAS 00350— 7436 is located on the southern 
edge of the bar, is isolated, and in a region of low back- 
ground. 

Several more 70-/im point-sources are associated with 
FIR objects that are within the x-AGB locus of the 
IR CMDs (Section I3.1.6p . We excluded these sources 
from the x-AGB sample because their 24-/xm fluxes ex- 
ceed their 8-^m fluxes, suggesting that they might be 
YSOs or background galaxies. Indeed, if S3MC 01051- 
7159, IRAS 00462-7331, IRAS 01228-7324, and LIN 439 
were detected at 24 /mi, the shape of their SEDs (Fig. l2"9")) 
suggest that they should be classified as FIR objects here 
instead of x-AGB stars. 
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Fig. 29. — SEDs of 70-/xm point-sources in the x-AGB sample. 
Diamond points are S 3 MG fluxes. 



Thirteen RSG candidates are also associated with 70- 
/im sources. Two of these are likely foregro und objects 
(IRASF00542-7334 and IRAS 01075-7254; ILqup et al.1 
Il997t iMassev et al.ll2007l ). and two others ar e identified 
as K or M supergiants (SkKM 50, SkKM 327; iSanduleakl 
[1981 iLmip" et al.l Il99l . 
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TABLE 6 
Potential 70-/jm Detections 



SAGE IRAC Designation 



Classification 



Alternative Name 



_ 6 

I 4 
2 



„ 6 

I 4 
2 



2 

§ 
„ 6 

I 4 
»> 2 



SSTISAGEMA J003659. 53-741950.3 
SSTISAGEMA J004808. 49-731454.7 
SSTISAGEMA J005640. 88-725425. 2 
SSTISAGEMA J010503. 97-715925.4 
SSTISAGEMA J010507.26-715942.8 
SSTISAGEMA J012407.95-730904.0 



x-AGB Candidates 
post-AGB [1,2,3] 
HII region [4] 

emission line star [5 
YSO candidate [6 
HII region [7,8 



IRAS 00350-7436 
N26, IRAS 00462-7331 

LIN 439 

S3MC 01051-7159, IRAS 01035-7215(7) 
N88A, IRAS 01228-7324 



SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 
SSTISAGEMA 



J004352.42- 
J004717.74- 
J004807.03- 
J004955.73- 
J004957.59- 
J005047.65- 
J005553.51- 
J005659.94- 
J005749.34- 
J010155.47- 
J010220.80- 
J010905.42- 
J011235.16- 



730721.7 
730917.5 
724612.2 
730250.8 
-724815.8 
731316.1 
-731826.8 
722403.8 
723555.6 
720029.3 
722105.1 
723832.4 
730935.4 



RSG Star Candidates 



KM supergiant [9,10] 



Foreground [11] 



Foreground [11] 
KM supergiant [9] 



SkKM 50, LI-SMC 59 



IRAS F00542-7334 



IRAS 01075-7254, HD 7100 
SkKM 327 



Note. 



sources. 
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Fig. 30.— SEDs of RSG candidates detected at 70 /im. The 
fluxes at A > 10 fim may be from background galaxies, YSOs, or 
compact Hn regions along the line-of-sight. Diamond points are 
S 3 MC fluxes. 

The remaining 9 sources (Fig. 1301) clearly show a pho- 
tosphere peaking in the near-IR and what appears to be a 
secondary peak at A > 10 fxm. SkKM 50 and SkKM 327 
also fall within this category. It is possible (and per- 



haps likely) that the long-wavelength flux is not from 
the stars themselves, but from a superimposed compact 
H II region, YSO or background galaxy. This possibil- 
ity is supported by the fact that half of these stars are 
not matched to 24- / um sources. If the far-IR flux does 
indeed originate from the star, it may be in the form of 
a detached dusty shell. 

No C-AGB, O-AGB, or aO-AGB stars are confidently 
associated with 70-fim point-sources, though several are 
just outside the FWHM of the 70- //m PSF. This includes 
5 C-AGB, 2 O-AGB, 3 aO-AGB, and 6 RSG stars. In- 
spection of the images suggests that the mid-IR sources 
are distinct from the far-IR sources. 

5. EVOLVED STARS AS PROBES 

5.1. Stellar Spatial Structure 

Since the SAGE-SMC survey has, for the first time, 
provided IR imaging covering the entire extent of the 
SMC (Fig. [T]), we can now use the cool evolved stars to 
investigate the overall structure of the SMC. Figure |3~T1 
shows the IR CMDs of the SMC bar, wing, and tail re- 
gions (see Fig.[T]), with foreground/background contami- 
nation subtracted (Section l2.2[) . It is clear that the bar is 
home to a relatively old population of stars, as its CMD 
is dominated by cool/red RGB and AGB stars, though a 
young population also exists. The wing region resembles 
the bar, albeit with a smaller population. The tail region 
is dominated by foreground and background sources (see 
Fig. [3]), with only a faint hint at the presence of the RGB. 
Very few SMC stars reside in the tail, suggesting that the 
bar stellar population has not yet been significantly per- 
turbed by interaction with the LMC and Milky Way. 

The population characteristics implied by the CMDs 
are corroborated by the radial distributions of differ- 
ent stellar types. We measured radial profiles of AGB, 
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Fig. 31. — IR CMD for the SMC bar, wing, and tail regions, with 
foreground/background subtracted (see Fig. [3j ■ Branches indica- 
tive of recent star formation (e.g., the RSG, A-G supergiant, and 
OB star branches) are visible in both the wing and bar. The tail 
is dominated by the RGB. 
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Fig. 32. — To measure the stellar radial density profiles, we com- 
pute the source density in concentric elliptical annuli in steps of 10' 
(steps of 1° are shown here for clarity), centered on the bar where 
the stellar population peaks, with semi-minor axes increasing along 
the direction of the tail. 

RSG, OB, and RGB stars by computing the source den- 
sity within concentric elliptical annuli centered where the 
bulk stellar population peaks, with the semi-minor axes 
of the annuli in steps of «10', increasing along the di- 
rection of the tail (Fig. l32|) . We remove the foreground 
and background contamination using the estimates from 
Section 12 21 and present the results in Figure l33l 

All profiles show a smooth decline in source density 
into the wing region. Subtracting the foreground from 
the O-AGB, RGB, OB, and RSG sources causes distri- 
butions to vary significantly in the tail, due to low source 
counts in that region. However, it is also possible that 
the source density of young OB and RSG stars is en- 
hanced in the tail du e to continued star formation in 
this g aseous filament ([Mizuno et al.ll2006t iGordon et al.l 
2009). This is indicated by an increase in the OB and 
RSG star populations in the tail («4° from the center), 
but this increase is within 3 a (error bars in Fig. [33] are 
la). The AGB and RGB profiles do not have this en- 
hancement in the tail, instead showing a smooth decline 
in source d ensity from th e bar, through the wing, and to 
the tail (cf. IHarrisl[2007l) . 

The RGB profile decreases steadily out to at least 5° 
from the center of the bar. This sug gests the presence of a 
very extended halo, as indicated bv lNidever et al.l ([20111 ) 
and supporting ACDM simulations of galaxy formation. 
However, since we sample the extended population along 
the wing and tail, the profile at large radius may not be 
representative of the entire population. 
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Fig. 33. — Stellar radial density profiles, normalized to the sec- 
ond bin. We show 1 cr error bars derived from Poisson statistics, 
which represent the degree to which small number statistics affect 
the trend (some error bars are excluded for clarity). The fore- 
ground an d ba ckground contamination was subtracted according 
to Section IP 
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Fig. 34. — Radial profiles, fit by the function shown in Equa- 
tion (2), where a is the scale length. The oldest stellar population 
(RGB stars) have the longest scale length, while the youngest pop- 
ulations (OB and RSG stars) have the shortest. 

The spatial distribution of different stellar types pro- 
vides an excellent probe of the radial age gradient within 
a galaxy. In Figure [SI we show that the young stellar 
populations (OB stars and RSGs) have a smaller scale 
length (a) than the intermediate-aged AGB stars and 
old RGB stars. We fit each profile to an exponential 
function of the form: 



N(a)=N e- b / a , 



(4) 



where b is the semi-minor axis and find that the oldest 
stars are the most radially extended population. Simi- 
lar scenarios h ave been obseryed in s everal other dwarf 
galaxies (e.g., lAparicio et al.l Il997t iMinniti fc Ziilstral 
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19971 Iffldalgo et al J 120031 l2009t IVa^sevicius et al J 12004 
Battinelli et al, 1 120061 l2007tlTikhonovll200gr ~ 

Three scenarios might explain this stellar age gradient: 
(1) dynamical relaxation as a result of encounters be- 
tween stars over time, (2) outside-in growth, or a shrink- 
ing of the star forming region, or (3) tidal interact ions. 
In low-mass, isolated galaxies, iStinson et al.l (|2009l ) use 
smoothed particle hydrodynamics simulations to show 
that it is possible to produce extended old stellar ha- 
los without merging by including a combination of op- 
tions (1) and (2) above. However, the SMC is clearly not 
an isolated galaxy; recent evidence shows that the LMC 
in fact co ntains a populatio n of stars that originated in 
the SMC (|Qlsen et al.ll2011[ ). Moreover, the star forma- 
tion histories of o ther nearby galaxies points to inside- 
out g rowth (e.g., [Williams et al.l [20091 : iGogartc n et al.1 
2010). It therefore seems likely that the stellar age gra- 
dient is due to dyn amical relaxation of the SMC (also see 
IGieles et al.l[200l . 

5.2. The C/M Ratio 

The ratio of C-rich to O-rich AGB stars, usually called 
the C/M ratio, is often used as a tracer of metallicity, 
where a high C/M ratio corresponds to a low metallicity, 
though the C/M ratio also depends on the star forma- 
tion histo ry. Using ne a r-IR p hotometry of AGB stars in 
the SMC, ICioni et al.l (|2006bl ) showed the C/M ratio to 
be a good tracer of metallicity if the underlying stellar 
population is of intermediate-age. 

In Figure [35j we show the C/M ratio for the SMC 
bar region, using our selection of AGB st ars. C-type 
stars in clude the C-AGB and x-AGB stars. ICioni et al.l 
(|2006bD exclude very extinguished x-AGB stars (J—K s > 
2.5 mag) in their analysis, but we include them here 
since the IRAC data provides us with a complete x- 
AGB sample. M-type sources include O-AGB and aO- 
AGB sources. ICioni et al.l (|2006br i have 40% more stars 
in their sample due to their inclusion of sources fainter 
than the ifs-band and 3.6-/xm TRGBs (see Section l3~T|) . 
Their M-star sample thus includes significant contami- 
nation from RGB stars and our M-star sample excludes 
the early AGB stars. 
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Fig. 35. — C/M ratio for the bar and wing regions of the SMC. 
The tail is not included because the number of AGB stars in the 
tail region is not sufficient to reliably compute a C/M ratio. Mi- 
type stars include aO-AGB and O-AGB stars, and C-type include 
C-AGB and x-AGB stars. Left panel: C/M ratio in gray scale, 
with contours at O.f, 0.2, 0.3, 0.4, 0.5, and 0.55. Middle panel: 
M-type sources. Contours range from 25 to fOO stars, in steps of 
25. Right panel: C-type sources. Contours range from 10 to 50 
stars, in steps of 10. In all panels, the bin size is 0.4 degrees, and 
the white cross marks the center of the RGB population. 



The procedure used here mimics ICioni et al.l (|2006bfl . 
We use a bin size of 0.4 deg, yielding a 0.16 deg 2 area. 
The results are boxcar smoothed with width = 2. The 



number count of AGB stars in the tail region of the SMC 
(<5 stars per bin; Figs. [12] — [13] is too small to include 
here without introducing substantial errors. In principle, 
such an analysis can be done with careful consideration 
of the uncertainties, but this is beyond the scope of this 
paper. We show only the bar/wing area, and only include 
bins with more than 5 C-type and 5 M-type stars. 

The resu lting C/M map (F ig. l35l left panel) is sim- 
ilar to the ICioni et al.l ((2006b) map, but not identical. 
We confirm a region with an enhanced C/M ratio near 
R.A. = 15°, Dec. = —73°, though our ma p shows this 
feature to be more elongated to that found bv lCioni et all 
(12006b]) The strong peak ne ar R.A. = 10°, Dec. = -73° 



seen by ICioni et alj ([2006b) is much weaker here, but 
they show this peak to be at a low confidence level. 
Assuming that the C/M ratio corresponds directly to 
metallicity, our C/M map suggests that there is a mini- 
mum in the metallicity in the NE corner of the bar/wing, 
and that this minimum stretches to the SMC center. 
The metallicity appears to increase towards the south 
edge of the bar. T his is consistent with the findings in 
ICioni et all (|2006bf ). despite our exclusion of sources be- 
low the TRGB. 

5.3. Mass Loss 
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Fig. 36. — Cumulative dust mass-loss rates for AGB and RSG 
stars in the Magellanic Clouds. The mass-loss rates were estimated 
based on the [3.6] — [ 81 color, using the radiative transfer grids from 
Grocnewegen (2006). See text. 



The total amount of dust input into the ISM from 



■SAGE-SMC: Evolved Stars' 



23 



cool evolved stars must be measured if we are to ob- 
tain a complete picture of the lifecycle of dust within 
galaxies. The most reliable way to measure accurate 
dust mass-loss rates is by radiative transfer modeling 
of individ ual sources, though oth er methods using the 
IR excess (Sriniva san et al.ll2009f ) and the IR color (cf. 
lGroenewegenll2006D provide a good first-order estimate 
of the mass-loss rate especially when considering large 
populations of stars. 

A detailed analysis of the dust mass loss from AGB and 
RSG stars is beyond the scope of this paper. Here, we 
provide a simple analysis of the mass-loss rates using the 
IR colors and refer the reader to a forthcoming follow-up 
paper for a more thorough analysis (M.L. Boyer et al., in 
preparation) . 

We estimate dust ma ss-loss rates here by applying 
the iGroenewegenl (|2006| ) radiative transfer grids to the 
measured [3.6] - [8] color. For C-AGB and x-AGB 
stars, we assume T e g — 3600 K and a dust composi- 
tion of 85% amorphous carbon and 15% SiC. We lump 
the aO-AGB stars with the O-AGB stars and assume 
T c ff = 3297 K and a dust composit i on of 60% silicates 
and 40% AlOx. The !Groenewege"n1 (|2006l ) models were 
computed with AGB stars in mind, but we also apply the 
O-rich mo dels to the RSG s tars. The rates are scaled ac- 
cording to Ivan Loonl (|2006l ). where M dust oc t^°- 5 L°- 75 , 
L is the stellar luminosity, and r is the dust optical 
depth at 11.75 ^m. The dust-to-gas ratio (ip) scales as 
ip = V>©10 [Fc/H1 and ip Q = 0.005 (Ivan Loon et alJl2005blh 
However, we note that the dust-to-gas ratio is uncertain, 
and may not be the same for O-rich and C-rich stars. It 
has been suggested that C-rich stars may have dust-to- 
gas ratios similar to Galactic value s, even in low metal- 
licity environments ([Habing 19961: iGroenewegen et all 
2007). Using the Galactic dust-to-gas ratio would result 
in higher mass-loss rates for x-AGB and C-AGB stars. 
The expansion velocity is also uncertain; here, we as- 
sume Ucsc = 10 km s , which may be an ove restimate 
for the carbon stars (e.g.. iLagadec et aT1l2010| ). thereby 
overestimating their mass-loss rates. 

Figure [55] shows the resulting cumulative dust mass- 
loss rates for the LMC and SMC. Th e LMC rates are 
slightl y higher than those presented by iSrinivasan et al.l 
(2009) using IR excesses in that galaxy, but the overall 
trends are similar. In both galaxies, the x-AGB stars 
dominate the dust input by an order of magnitude de- 
spite their small numbers (Table [5]) . The O-AGB and 
C-AGB stars have similar total dust mass-loss rates, but 
the rates of individual C-AGB stars are higher than the 
O-AGB star rates on average. RSG stars do not con- 
tribute as strongly to the total dust input, but their con- 
tribution increases significantly above the classical AGB 
limit. 

In the LMC, the O-AGB stars input more dust overall 
than C-AGB stars at Mboi > —6 mag. The picture is dif- 
ferent in the SMC, where the C-AGB and O-AGB stars 
contribute similar amounts of dust until Afboi ~ — 5 mag, 
where the C-AGB stars finally surpass the O-AGB stars. 
This suggests that fainter O-rich sources in the SMC may 
have difficulty producing enough dust to drive a wind. 

6. SUMMARY AND CONCLUSIONS 

The SAGE-SMC survey is the first to image the entire 
spatial extent of the SMC (including bar, wing, and tail) 



at mid-IR to far-IR wavelengths with high sensitivity and 
spatial resolution, thus providing the first opportunity 
to study the full SMC population of cool evolved stars 
at wavelengths where circumstellar dust emits. Using 
near-IR and mid-IR photometric criteria, we find 2 478 
O-AGB, 1 729 C-AGB, and 349 extreme (x-AGB) star 
candidates, along with 1 244 stars belonging to a new 
class of O-rich AGB stars (aO-AGB). These stars rep- 
resent the complete census of AGB stars in the SMC. 
We also classify 3 325 RSG stars and 135 437 RGB stars, 
which represent the brighter, least contaminated portions 
of the full populations. To compare the SMC evolved 
stars to those in the LMC, we apply the same classifica- 
tion criteria to the SAGE-LMC data. Our findings are 
summarized below: 

• We find that O-rich sources have a higher occur- 
rence of strong 8 and 24- /im excess in the LMC, 
suggesting that O-rich dust is produced more effi- 
ciently or that silicate emission is more prominent 
in higher-metallicity environments. In fact, O-rich 
stars in general are less numerous in the SMC, with 
a higher fraction of stars showing evidence of a C- 
rich chemistry. 

• The [3.6] — [8] colors indicate that SMC C-rich stars 
are as efficient at producing dust as their higher- 
metallicity LMC counterparts. 

• The RSG, AGB, and RGB stars contribute near 
equal amounts of flux to the global (extended + 
point-source) 3.6 (im flux within the bar and wing 
area. However, the RSG stars show a stronger con- 
tribution in the wing. At 24 fim, the x-AGB stars 
dominate the total point-source flux even though 
they are <3% of the population. 

• In general, the characteristics of the AGB stars in 
the SMC are similar to those in the LMC, showing 
only small differences in the median SEDs and in 
the distributions among 8-/zm flux and [3.6] — [8] 
color. However, the RSG stars in the LMC reach 
much redder [3.6] — [8] colors than in the SMC, 
indicating more efficient RSG dust production at 
higher metallicity. This is not the case for the O- 
rich AGB stars. 

• Among the evolved stars, there is a population of 
far-IR sources in both the LMC and SMC, whose 
24-/j,m flux exceeds the 8-{im flux. Most of these 
are likely to be YSOs and compact H II regions, 
and it is unclear what portion may be very dusty 
evolved stars. 

• Very few evolved star candidates are detected in the 
SAGE-SMC 70-^m images, and the SEDs of those 
detected indicate that they are likely to be YSOs 
or other 70 /Ltm sources along the line-of-sight. 

• The bulk of the evolved star population is restricted 
to the bar and wing regions, though the old RGB 
distribution extends to the tail. The distribution 
of young RSG and OB stars may also indicate con- 
tinued star formation in the gas-rich tail. 
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• In the bar, the ratio of C-type to M-type AGB 
stars indicates only small fluctuations in metallic- 
ity, with a peak in C/M to the northeast of the 
center of the RGB population. 

• A preliminary estimate of the dust mass-loss rates 
in AGB and RSG stars suggests that the very 
dusty x-AGB stars dominate the dust return in 
both galaxies, despite their very small numbers. 
The dust input in both galaxies is therefore cur- 



rently dominated by a C-rich chemistry. O-AGB 
and RSG stars appear to play a larger role in the 
LMC than in the SMC, particularly for the fainter 
O-AGB stars and the brighter RSG stars. 
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